Signaling pathways play central roles in regulating the responses of cells to external stimuli, providing communication between cells and controlling developmental decisions. Biochemical analysis of the function of oncogenes controlling mammalian cell growth in culture, together with genetic and molecular biological analyses of cellular responses and developmental decisions in yeast, Drosophila, Caenhorabditis elegans and Dictyostelium, have led to an unexpected finding: common biochemical components, which make up complex second messenger cascades, are used to mediate distinct responses in organisms throughout the phylogenetic tree. The conservation of signaling cascades first became evident with the findings that pathways leading from cell-surface receptors, via G proteins, to the cytoplasm have similar functions in regulating hormonal and neurotransmitter responses in mammals, pheromone-mediated mating responses in' Saccharomyces cerevisiae and Schizosaccharomyces pombe, and cAMP-mediated aggregation in Dictyostelium [1] [2] [3] [4] [5] .
The conservation of signaling pathways was highlighted with the discovery that receptors with tyrosine kinase activity not only regulate growth responses in mammals, but also control cell-fate decisions in Drosophila and C. elegans [6] [7] [8] . Subsequent investigations showed that homologous biochemical components -including Ras, MAP kinase cascades and Ets transcription factorsregulate these very distinct physiological responses [9, 10] . Furthermore, epistasis experiments in these genetically tractable systems were then used to help sort out the order of the pathway in mammals. One of the most striking discoveries was that the MAP kinase cascade, a key intermediate in mammalian receptor-mediated signal transduction, is also part of the pathway regulating mating in yeast [1, 2] . Ironically, it was not until the observation that a 42 kD mammalian protein, which is rapidly phosphorylated on tyrosine residues in response to growth factors, is a homologue of the yeast KIS1 and FUS3 kinases, that a general interest in the yeast mating pathway was rekindled.
The development of multicellular systems can be separated mechanistically into the formation of the multicellular organism followed by cell-type differentiation. In metazoans, the first of these stages is achieved through the cleavage of the zygote, whereas in the slime mold Dictyostelium, multicellularity results from the starvation-induced chemotactic aggregation of about 105 individual cells to form a mound. Aggregation is controlled by pulses of extracellular cAMP that initiate from aggregation centers and that signal through cell-surface G-protein-coupled receptors (cARs) [3, 5] . Many of the components of this pathway have been cloned and their function examined by gene disruption. Constituents of the cAMP-mediated signaling pathway that have been characterized include cAR1, G-protein a and 13 subunits, adenylyl cyclase, a MAP kinase, cAMP-activated protein kinase (PKA) and a Ras protein -all components that are common to mammalian signal transduction pathways [3, 5, 11, 12] .
In Dictyostelium, these signaling components are regulated by pulses of extracellular cAMP and involve both a receptor-mediated activation and a requisite subsequent adaptation or period of desensitization. As the mound of Dictyostelium cells forms, cAMP levels rise, resulting in the repression of the pathways that regulate aggregation and the activation of a developmental cascade that leads to the induction of prestalk and prespore cells . Prestalk cells initially arise as a subpopulation scattered throughout the mound, whereas the prespore cells form as a ring within the central region of the mound. Sorting of prestalk cells and their subsequent induction into subclasses produces an organism that has spatially restricted cell types, in the well-characterized pattern seen in the migrating slug that eventually develops from the mound. The initial activation of the signaling pathways leading to cell-type differentiation is regulated through the transcription factor GBF [16] ; cAMP signaling pathways function to induce the expression of GBF (G-box binding factor), through a proposed autoregulatory loop, and are required to mediate the induction of downstream gene expression by GBF.E What regulates cell-fate decisions in Dictyostelium? Until recently, little information was available on the pathways that determine prestalk and prespore cell fates. Cells entering the aggregate have a propensity to differentiate into either prestalk or prespore cells according to where the cells were in the cell cycle at the time of starvation [17, 18] : cells starved early in the cell cycle preferentially differentiate into prestalk cells, whereas cells deprived of nutrients later in the cell cycle differentiate into prespore cells. However, cell-type differentiation is plastic until late in development, and cells are able to re-differentiate into another cell type under specific developmental conditions [13] [14] [15] . Two secreted morphogens, cAMP and DIF (differentiation-inducing factor, a chlorinated alkylphenone), coordinately regulate the differentiation of prestalk and prespore cell populations [14] . DIF is © Current Biology 1995, Vol 5 No 3 228 required for the induction of all prestalk cells and it inhibits prespore cell differentiation. Extracellular cAMP, which is essential for the initial steps in the developmental cascade, induces primary late genes and prespore-specific genes, inhibits the differentiation of prestalk B cells, but stimulates DIF-mediated expression of prestalk A cell markers (Fig. 1) .
Restriction-enzyme mediated integration (REMI) permits the creation of developmental mutants in Dictyostelium and the subsequent rapid cloning of the affected gene (A. Kuspa, R. Insall, G. Shaulsky, P. Lilly, B. Wells, P Devreotes and W. Loomis, personal communication). This has made it possible to identify new genes involved in regulating Dictyostelium development, including those encoding a putative cell-surface regulatory protein essential for cell-type differentiation [19] , a novel activator of adenylyl cyclase [20] , a MAP kinase [12] and, most recently, glycogen synthase kinase-3 (GSK-3), a serine/ threonine kinase [21] . GSK-3 was first identified biochemically as a factor in the insulin-controlled regulation of glycogen utilization in mammals [22] . Phosphorylation of glycogen synthase by GSK-3 inactivates the synthase. Insulin causes the dephosphorylation (and resultant activation) of glycogen synthase at the sites phosphorylated by GSK-3 and the phosphorylation and inactivation of GSK-3 at an amino-terminal serine residue [23] .
Although this function is of biological importance to all reading this commentary, the interest in GSK-3 extends significantly beyond its role in metabolism. Two highly homologous isoforms of GSK-3 have been identified in mammals and there is a growing family of homologues in other organisms (see [21] ). GSK-3 is an essential gene in yeast and has been implicated in receptor regulation of the function of the AP-1 and CREB transcription factors [24] [25] [26] . Furthermore, GSK-3 is encoded by the zestewhite 3/shaggy locus in Drosophila and has been shown to play a crucial role in cell-fate decisions in this organism, including acting in the wingless signaling pathway [27, 28] . GSK-3 is activated by phosphorylation on a conserved tyrosine residue and is thus potentially a component of a signaling cascade [29] .
The analysis of the REMI-derived gsk-3-null mutant of Dictyostelium has again identified GSK-3 as a central player in cell-fate decisions [21] . In gsk-3-null cells, prespore genes are expressed at very low levels while the prestalk B cell marker ecmB is expressed at very high levels, with almost all of the cells within the organism differentiating into prestalk B cells and eventually making the stalk. These results indicate that GSK-3 is essential for the prespore cell pathway and may be inhibitory for prestalk cell differentiation (Fig. la) . Moreover, as it is presumably a central component in a signaling pathway, investigation into its regulation should lead to elucidation of the upstream components in the pathway. Although the cell-type-specific expression pattern of the gsk-3 gene remains to be defined, one might expect that the protein is present, at least at some level, in all cells, as it is expressed throughout all stages of growth and development. This suggests that its activity might be differentially regulated (through tyrosine phosphorylation and dephosphorylation) in prestalk and prespore cells.
At present, there are two possibilities for upstream regulation. DIF might inhibit the activity of GSK-3, thus promoting prestalk B differentiation -although how DIF functions to control gene expression is not known. The second possibility involves the cAMP receptors cAR2 and cAR4. These receptors are preferentially expressed in prestalk cells, although they are not celltype-specific (Fig. 2a) . Null strains lacking cAR2 arrest, for the most part, at the mound stage [30] , whereas car4-null cells show abnormal culmination [31] . Both null strains show a reduction in the expression of prestalk markers and significantly increased expression of prespore cell markers (significantly greater than would be accounted for by a conversion of prestalk to prespore cells). These results suggest the possibility that pathways Fig. 2 . Possible models for regulation of GSK-3 function by cAMP receptors. (a) GSK-3 activity is negatively regulated by cAR2 and cAR4, by inhibition of the upstream activating pathway or by stimulating dephosphorylation of the enzyme. (b) cAR2 and cAR4 stimulate the expression of a diffusible inhibitor (A) that blocks prespore gene expression, possibly through inhibition of GSK-3 function. The inhibitor would be produced at high levels in prestalk cells and inhibit prespore gene expression in surrounding cells or in the same cell (labelled as a prespore cell in the figure). It would also be produced in prespore cells (cAR2 and cAR4 are expressed at low levels in these cells), but at a significantly lower level; it would thereby modulate prespore gene expression. Prespore gene expression is activated by a signaling pathway using cAR1 and cAR3. Whether the inhibition of GSK-3 results from inhibition of its phosphorylation or stimulation of its dephosphorylation is not known.
downstream of cAR2/cAR4 might block GSK-3 activity, possibly by stimulating the tyrosine dephosphorylation of the enzyme. Consistent with an interaction of these pathways, extracellular cAMP (as described above) inhibits the DIF-mediated induction of prestalk B cells (as determined by the expression of the marker gene ecmB) [21] . This inhibition is lacking in gsk-3-null cells, suggesting that cAR2/cAR4 might mediate regulation through the GSK-3 pathway.
This analysis presents a paradox, in that cAMP is essential for prespore cell differentiation and promotes prespore gene expression in suspension cultures, possibly through cAR1 and cAR3 [32, 33] . It is possible that the two sets of cAMP receptors (cARl /cAR3 and cAR2/cAR4) couple to different downstream pathways, one inhibitory and one activating the prestalk and prespore pathways. Alternatively, cAR2 and cAR4 may induce a prestalkspecific signaling pathway that results in the inhibition of prespore cell differentiation through the production of a diffusible molecule (Fig. 2b ). It will be interesting to test these models by determining the effect of extracellular cAMP on GSK-3 tyrosine phosphorylation and enzymatic activity in wild-type, carl/3-null and car2/4-null strains of cells, and assessing whether the increase in prespore gene expression in car2-and car4-null cells is cell autonomous.
Interestingly, the anterior cells that express the prestalk B marker (prestalk AB cells -they express both the prestalk A marker ecmA and the prestalk B marker ecmB) are in a region of the slug that is thought to be exposed to very low levels of extracellular cAMP [34] . The inability of the prestalk A cells in the tip to express the ecmB marker is thought to be regulated by intracellular cAMP through PKA [35] . Removal of a cis-inhibitory domain from the ecmB promoter allows ecmB to be expressed in the prestalk A cells. These results further suggest a linkage of pathways controlled by GSK-3 and PKA. However, not all cells are induced to form prespore cells by the initially high levels of cAMP in the developing mound, nor by the addition of high levels of cAMP to cells in suspension culture [16, 36] . This suggests that, at this initial stage of cellular differentiation, upstream and/or downstream components in the GSK-3 pathway are not expressed. Alternatively, coordinating components required for prespore induction or the cAMP-inhibition of prestalk cell differentiation are not yet present.
Nothing is known about what signaling cascade or tyrosine kinase activates GSK-3. It is to be expected that further genetic and biochemical experiments in Dictyostelium will identify components in this upstream pathway as well as downstream substrates of GSK-3. Furthermore, it is anticipated that at least some of these will be components that are in common with GSK-3-regulated pathways in mammals and Drosophila. The conservation of signaling pathways controlling cellular decisions in eukaryotes appears to be the rule rather than the exception. It is therefore likely that analysis of Dictyostelium development will result in insights into conserved pathways in all eukaryotes.
